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1
BIOMASS TORREFACTION METHOD

CROSS-REFERENCE TO RELATED
APPLICATION

This applicationis a continuation application of U.S. appli-
cation Ser. No. 13/218,230 filed Aug. 25,2011, which claims
the benefit under 35 U.S.C. §119(e) of U.S. Provisional
Patent Application No. 61/391,442, filed Oct. 8, 2010, the
entire disclosures of which are herein incorporated by refer-
ence for all purposes.

BACKGROUND

1. Technical Field

This disclosure generally relates to biomass torrefaction
systems and methods, including in particular cellulosic bio-
mass torrefaction systems and methods.

2. Description of the Related Art

Torrefaction of biomass particles is well known and is a
process in which biomass particles are heated in a low oxygen
environment. This causes volatile compounds within the par-
ticles to be boiled off and the cellular structure of the particles
to be degraded, resulting in a partial loss of mass and an
increase in friability. It also causes a reaction within the
remaining cellular structure that enhances the moisture resis-
tance of the product. Torrefied particles have an enhanced
energy value when measured in terms of heat energy per unit
of weight. The degree of torrefaction of biomass particles
depends on several factors, including the level of heat applied,
the length of time the heat is applied, and surrounding gas
conditions (particularly with respect to oxygen level).

Current systems strive to mechanically control the vari-
ables of heat, residence time and oxygen levels to achieve
consistent torrefied particles. Typical mechanisms intended
to torrefy biomass particles under low level oxygen condi-
tions use mechanical means to convey the particles (such as
rotating trays or screws) and apply heat to the conveying
surfaces for conduction to the particles to be torrefied. Such
mechanisms suffer from a variety of drawbacks, including
being difficult or impossible to significantly scale up in capac-
ity. As the demand for torrefied biomass increases, the limited
capacity of current mechanisms has become an issue imped-
ing the use of such biomass. Consequently, Applicant
believes improved methods and systems able to consistently
and efficiently produce torrefied biomass particles are desir-
able. These methods and systems should be based on prin-
ciples and concepts that allow tight process control while
achieving large capacities, to meet growing demand.

BRIEF SUMMARY

Embodiments described herein provide biomass torrefac-
tion systems and methods which are particularly well adapted
for torrefying biomass particles (including in particular cel-
Iulosic biomass particles) of various sizes in an efficient and
consistent manner. The systems and methods are readily scal-
able to meet a wide variety of industry needs and provide
enhanced process control with respect to monitoring and
adjusting operational parameters to optimize or tailor char-
acteristics of the resultant torrefied biomass particles.

According to one embodiment, a biomass torrefaction sys-
tem may be summarized as including an inlet to receive
biomass particles; a reactor drum configured to rotate about
its longitudinal axis, the reactor drum having a plurality of
flights positioned therein at a plurality of locations along the
length of the reactor drum; a heat source upstream of the
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reactor drum to heat gas contained in the system to a tempera-
ture sufficient to torrefy the biomass particles during opera-
tion; a fan device coupled to the system to create, when the
system is in operation, a flow of heated gas through the reactor
drum sufficient to intermittently transport the biomass par-
ticles along the length of the reactor drum as the biomass
particles are lifted by the flights and showered through the
heated gas stream as the reactor drum rotates; and gas ducts
coupled to at least the reactor drum, heat source and fan
device to recirculate a portion of gas exiting the reactor drum
back to the heat source to reheat the gas for reintroduction into
the reactor drum.

The heated gas stream directly heats the biomass particles
as the gas stream intermittently transports the biomass par-
ticles through the reactor drum. The lifting flights may be
configured to regulate movement of the biomass particles
through the reactor drum, thereby influencing the retention
time of the biomass particles within the reactor drum. The
lifting flights may include flights spaced around an inner
circumference of the reactor drum in regular or irregular
intervals and in at least three locations along the longitudinal
length of the reactor drum. The lifting flights interoperate
with the heated gas stream to classify the biomass particles
according to particle density and/or size, by moving relatively
denser particles with respect to similarly sized particles and
relatively larger particles with respect to particles having
similar densities through the reactor drum more slowly.

The biomass torrefaction system may further include a
hopper located downstream of the reactor drum to collect
torrefied biomass particles exiting the reactor drum and to
discharge the torrefied biomass particles from the system.
The system may further include ducting to dispel exhaust gas
from the system, with control valves and dampers, the control
valves and dampers positioned to regulate a pressure level
within the system to inhibit the infiltration of oxygen while
enabling exhaust gas to exit the system. The ducting may
route exhaust gas from the system to a remote device for use
of the exhaust gas in an auxiliary or supplemental process.
The remote device may be, for example, a burner configured
to utilize the exhaust gas for supplying heat via a heat
exchanger to the gas which passes through the reactor drum
during operation.

The system may further include at least one airlock located
between the inlet and the reactor drum to limit the amount of
oxygen entering the system when receiving the biomass par-
ticles. The system may further include at least one seal
mechanism between the reactor drum and adjacent structures,
the seal mechanism including a chamber between the reactor
drum and an external environment and the seal mechanism
coupled to an inert or semi-inert gas source for selective
purging of the chamber during a startup or shutdown opera-
tion.

The heat source for the system may be an electrical immer-
sion-type duct heater, gas-to-gas heat exchanger, a low-oxy-
gen burner or other conventional heat sources, such as, for
example, a waste-wood or other burner which is configured to
supply heat indirectly to the gas stream in the biomass torre-
faction system.

The biomass torrefaction system may further include a
steam plant coupled to the reactor drum to introduce steam
into the reactor drum and assist in the torrefaction of the
biomass particles. The steam plant may also provide safety
smothering and cooling stream functionalities to enhance
operational safety.

The biomass torrefaction system may further include a
control system configured to selectively adjust the speed of
the fan device to regulate the speed and volume of gas through
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the system. The control system may also be configured to
selectively adjust the speed of the rotation of the reactor drum
to regulate a time of residence of the biomass particles in the
reactor drum. The control system may also be configured to
selectively adjust the temperature of the flow of gas through
the system. The control system may be configured to selec-
tively adjust parameters of the flow of gas through the system
including volume, speed and/or pressure. The control system
may also be configured to independently control a plurality of
operational parameters to regulate a torrefaction process of
the biomass particles, the operational parameters including at
least one of a reactor inlet temperature, a reactor outlet tem-
perature, an average residence time, oxygen content of the
heated gas stream and gas flow characteristics. The control
system may be configured to continuously or intermittingly
adjust at least some of the operational parameters during
operation to optimize the torrefaction process or tailor char-
acteristics of the resultant torrefied biomass particles.

According to one embodiment, a method of biomass tor-
refaction may be summarized as including rotating a reactor
drum, the reactor drum having a plurality of flights positioned
therein at each of a plurality of locations along a longitudinal
length of the reactor drum; generating a stream of heated gas
through the reactor drum, sufficient to intermittently transport
biomass particles along the length of the reactor drum, and
simultaneously torrefy the biomass particles as the biomass
particles are lifted by the flights and showered through the
heated gas stream while the reactor drum rotates; and recir-
culating a portion of gas exiting the reactor drum back to the
inlet of the reactor drum via one or more gas ducts.

The method may further include selectively varying at least
some of a plurality of operational parameters to tailor char-
acteristics of the resultant torrefied biomass particles, the
operational parameters including at least one of a speed of the
heated gas stream through the reactor drum, a volumetric flow
rate of the heated gas stream through the reactor drum, a
temperature of the heated gas stream through the reactor, a
pressure level within the reactor drum, a speed of the rotation
of' the reactor drum, oxygen content of the heated gas stream,
a moisture content of the biomass particles and a rate of
introduction of the biomass particles into the reactor drum.
The method may further include selectively varying the time
of residence of the biomass particles in the reactor drum. The
method may further include adjusting the plurality of flights
within the reactor drum with respect to location and/or den-
sity to regulate the retention time of the biomass particles
within the reactor drum. The method may further include
passing biomass particles through the reactor drum at differ-
ent rates according to particle density and/or size. The method
may further include discharging torrefied biomass particles
while substantially preventing the infiltration of oxygen into
the reactor drum. The method may further include establish-
ing a pressure level within the reactor drum to inhibit the
infiltration of oxygen into the reactor drum. The method may
further include routing exhaust gas to a device remote from
the reactor drum for use of the exhaust gas in an auxiliary or
supplemental process, such as, for example, use as a fuel for
a remote burner.

The method may further include sealing the reactor drum
from the external environment and selectively purging one or
more chambers adjacent to sealing interfaces of the reactor
drum with inert or semi-inert gas. The method may further
include passing biomass particles through the reactor drum at
a rate between about one to fifty tons per hour, the biomass
particles having an energy density of at least 20 gigajoules/
ton (GJ/ton) after being torrefied within the reactor drum.
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The method may further include drying the biomass par-
ticles in a rotary type, conveyor type or other type of dryer
system prior to introduction in the reactor drum. Drying bio-
mass particles in the rotary type dryer system prior to intro-
duction in the reactor drum may include drying the biomass
particles to have an average moisture content below twenty
percent moisture content, wet-weight basis.

The method may further include establishing the heated
gas stream such that an inlet temperature of the heated gas
stream entering the reactor drum is at least 500° F. and such
that an outlet temperature of the heated gas stream exiting the
reactor drum is at least 400° F. The method may further
include discharging torrefied biomass particles after a single
pass of the biomass particles through the reactor drum, par-
ticle sizes of the discharged torrefied biomass particles vary-
ing by at least ten percent while the energy density and mois-
ture characteristics of the torrefied biomass particles are
relatively consistent irrespective of particle size. The method
may further include introducing the biomass particles into the
drum reactor, the biomass particles having an average size of
about Y16 cubic inch to about one cubic inch upon entry. The
method may further include venting the reactor drum upon a
fault condition. The method may further include introducing
steam into the reactor drum to assist in the torrefaction of the
biomass particles. Introducing steam into the reactor drum
may include producing steam with a boiler which receives
heat from a portion of gas exiting the reactor drum.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1 is a schematic diagram of a biomass torrefaction
system according to one embodiment.

FIG. 2 is a schematic diagram of an integrated biomass
processing system according to one embodiment.

FIG. 3 is a isometric view of a biomass torrefaction system
according to another embodiment.

FIG. 4 is a rear isometric view of the biomass torrefaction
system of FIG. 3.

FIG. 5 is a side elevational view of the biomass torrefaction
system of FIG. 3.

FIG. 6 is atop plan view of the biomass torrefaction system
of FIG. 3.

FIG. 7 is a side elevational view of a reactor drum and
adjacent components of the biomass torrefaction system of
FIG. 3.

FIG. 8 is a cross-sectional view of the reactor drum of FIG.
7 taken along line 8-8.

FIG. 9 is a side elevational view of a seal assembly, accord-
ing to one embodiment, that is usable with the biomass tor-
refaction system of FIG. 3.

FIG. 10 is an enlarged detail view of a portion of the seal
assembly of FIG. 9.

FIG. 11 is a cross-sectional view of the seal assembly of
FIG. 9 taken along line 11-11 of FIG. 10.

DETAILED DESCRIPTION

In the following description, certain specific details are set
forth in order to provide a thorough understanding of various
disclosed embodiments. However, one skilled in the relevant
art will recognize that embodiments may be practiced without
one or more of these specific details. In other instances, well-
known structures or steps associated with industrial process
equipment and industrial processes may not be shown or
described in detail to avoid unnecessarily obscuring descrip-
tions of the embodiments. For instance, it will be appreciated
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by those of ordinary skill in the relevant art that various
sensors (e.g., temperature sensors, 0Xygen sensors, etc.), con-
trol devices and other industrial process controls may be
provided and managed via a programmable logic controller
(PLC) or other suitable control system for monitoring the
biomass torrefaction systems described herein and control-
ling operational parameters of the torrefaction processes to
optimize or tailor characteristics of the resultant torrefied
biomass particles.

Unless the context requires otherwise, throughout the
specification and claims which follow, the word “comprise”
and variations thereof, such as, “comprises” and “compris-
ing” are to be construed in an open, inclusive sense, that is as
“including, but not limited to.”

Reference throughout this specification to “one embodi-
ment” or “an embodiment” means that a particular feature,
structure or characteristic described in connection with the
embodiment is included in at least one embodiment. Thus, the
appearances of the phrases “in one embodiment” or “in an
embodiment” in various places throughout this specification
are not necessarily all referring to the same embodiment.
Furthermore, the particular features, structures, or character-
istics may be combined in any suitable manner in one or more
embodiments.

As used in this specification and the appended claims, the
singular forms “a,” “an,” and “the” include plural referents
unless the content clearly dictates otherwise. It should also be
noted that the term “or” is generally employed in its sense
including “and/or” unless the content clearly dictates other-
wise.

FIG. 1 shows a schematic of a biomass torrefaction system
10 according to one example embodiment. The system 10
includes a reactor drum 12 which is supported so as to rotate
its longitudinal axis 16. The system 10 further includes an
inlet 22 for receiving biomass particles that are to be pro-
cessed, as represented by the arrow labeled 24. An airlock or
dual airlock 26 with optional inert or semi-inert gas purging
27 or similar device is coupled to the inlet 22 to substantially
prevent oxygen from entering the system 10 when biomass
particles are fed into the system 10. The biomass particles
may be fed to the inlet 22 via a conveyor or other conventional
material transport mechanism. In one embodiment, a plug-
feed screw conveyor may be used in lieu of the airlock(s) to
create a plug of material that acts as a seal when passing
biomass particles through the inlet 22.

The system 10 further includes a heat source 30 disposed
upstream of the reactor drum 12 for supplying heat to a gas
stream 34 that is generated within the system 10 by a fan
device 32, which may be, for example, an induced draft fan
device or a forced draft fan device. The fan device 32 is driven
to draw or force gas through the reactor drum 12 and circulate
the gas (or a substantial portion of the gas) back to the heat
source 30 to be reheated and supplied to the reactor drum 12
in a recirculating manner. In some embodiments, eighty per-
cent or more of the gas by volume exiting the reactor drum 12
may be recirculated to the inlet of the reactor drum 12. In
some embodiments, ninety percent or more of the gas by
volume exiting the reactor drum 12 is recirculated to the inlet
of the reactor drum 12. In some embodiments, ninety-five
percent or more of the gas by volume exiting the reactor drum
12 is recirculated to the inlet of the reactor drum 12.

During operation, the gas stream 34 acts as a thermal fluid
to carry heat energy to the biomass particles within the reactor
drum 12 and to provide momentum for conveyance of the
biomass particles. The gas stream may also heat the internal
structure of the drum 12, especially the lifting flights, which
may also in turn heat the biomass particles. Gas ducts 36 are
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appropriately sized and coupled to at least the reactor drum
12, heat source 30 and fan device 32 for recirculating the gas
stream 34 in the system 10. In some embodiments, a predomi-
nate portion or the entire amount of gas entering the reactor
drum 12 is recirculated back to the inlet of the reactor drum 12
in a continuous manner while an amount of gas generated by
torrefying the biomass particles is exhausted or otherwise
routed external the system 10. In some embodiments, no new
gas (other than unintended leakage) is supplied to the recir-
culating gas stream 34 during operation.

In the illustrated embodiment, the heat source 30 is in the
form of a gas-to-gas heat exchanger 60. A hot gas stream 35,
in the range of about 800° F. to about 1400° F., for example,
is supplied to the heat exchanger 60 via an inlet conduit 62, as
represented by the arrow labeled 64. The hot gas stream 35
interacts with the recirculating gas stream 34 of the torrefac-
tion system 10 to transfer heat thereto. In some embodiments,
the heat exchanger 60 is configured to raise the inlet tempera-
ture of the torrefaction gas stream 34 into the heat exchanger
60 from about 500° F.£100° F. to an outlet temperature of
about 700° F.£150° F. In doing so the temperature of the other
isolated gas stream 35 in the heat exchanger 60 is necessarily
lowered before exiting the heat exchanger 60 via an outlet
conduit 66. The temperature of the other isolated gas stream
35, however, is still sufficiently hot to be useful in other
processes, such as, for example, drying the biomass particles
prior to entry in the biomass torrefaction system 10. Accord-
ingly, in some embodiments, the gas stream 35 discharged
from the heat exchanger 60 via the outlet conduit 66 may be
routed to a dryer system 70 (FIG. 2) or other device, as
represented by the arrow labeled 68. In some embodiments,
the discharged gas stream 35 may be routed back to the inlet
of the heat exchanger 60 and blended with other heated gas
having a higher temperature, such as, for example, a remote
burner, to regulate the inlet temperature of the heat exchanger
60 to a desired level or to fall within a desired temperature
range.

Although the illustrated embodiment of the heat source 30
of FIG. 1 is shown as a gas-to-gas heat exchanger 60, it is
appreciated that other various heat sources 30 may be pro-
vided. For example, in some embodiments, an electric
immersion-type heat source may be provided within the path
of'the gas stream 34 of the biomass torrefaction system 10. In
other embodiments, low oxygen burners may be directed
directly into the system 10 to heat the gas stream 34 without
significantly increasing the oxygen level within the system
10. Irrespective of the heat source 30, however, it is beneficial
to isolate the gas stream 34 in a recirculating manner to
facilitate maintenance of a low level oxygen environment
within the reactor drum 12 that is conducive to torrefying
biomass particles.

At the downstream end of the reactor drum 12, there is
provided a separator hopper 38 for collecting torrefied biom-
ass particles (e.g., torrefied wood chips, torrefied giant cane
chips, other torrefied cellulosic biomass) as the particles exit
the reactor drum 12. These particles are then fed mechani-
cally and/or under the force of gravity towards an outlet 40 for
collection. One or more airlock devices 42 are coupled to the
outlet 40 for substantially preventing oxygen from infiltrating
the system 10 as the torrefied particles are withdrawn from the
system 10. Smaller particles (e.g., torrefied wood fines, tor-
refied giant cane fines, other torrefied cellulosic biomass)
which may pass through the separator hopper 38 can be
filtered and removed from the gas stream 34 by a filtering
device 44, such as, for example a cyclonic type filtering
device. One or more additional airlock devices 46 may be
coupled to a secondary outlet 48 for removing the filtered
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material from the system 10 without introducing significant
amounts of oxygen into the system 10. In some embodiments,
a chamber or space between a pair of sequentially aligned
airlocks 42, 46 may be coupled to an inert or semi-inert gas
source for selective purging of the chamber or space, as
represented by the arrows labeled 43, 47 (FIG. 2). In some
embodiments, the torrefaction system 10 may include a
cyclonic type filtering device in lieu of ahopper 38 to separate
and/or filter torrefied biomass particles from the gas stream
34. In some embodiments, the torrefaction system 10 may
include one or more pneumatic discharge devices (not shown)
to discharge torrefied biomass particles from the torrefaction
system 10.

As previously described, the gas stream 34 is drawn or
forced through the reactor drum 12 and returned to the heat
source 30 (after separating torrefied particles, chips, fines,
dust and/or any debris) under the influence of the fan device
32. While the substantial majority of the gas is recirculated,
some gas may be diverted to exhaust ducting 50. The gas
exhausted through the exhaust ducting 50 can be used else-
where in the process or another process, as represented by the
arrow labeled 52. For instance, the exhaust gas may be used as
fuel to generate heat to aid the heat source 30 in increasing the
temperature of the gas stream 34. The exhaust ducting 50 can
include a variable position damper 54 which may be used to
balance the pressure inside the reactor drum 12 from slightly
negative to slightly positive. Depending on the setting, this
can be used to inhibit oxygen from entering the system 10.

FIG. 2 shows a schematic of an integrated biomass pro-
cessing system 11 according to one example embodiment.
The integrated biomass processing system 11 includes,
among other things, the biomass torrefaction system 10
described above and a dryer system 70 which is configured to
dry biomass particles prior to introduction into the torrefac-
tion system 10. In some embodiments, the biomass torrefac-
tion system 10 is configured to receive biomass particles
having a moisture content reduced to below twenty percent
moisture content, wet-weight basis by the dryer system 70. In
some embodiments, the biomass particles may be wood chips
having an average particle size between about %is cubic inch
and about one cubic inch and having an initial moisture con-
tent above forty percent moisture content, wet-weight basis.
In some embodiments, the biomass particles may have a
substantially consistent size (less than ten percent difference),
and in other embodiments, the size of the particles may vary
by ten percent, twenty percent, thirty percent or more.

According to the illustrated embodiment of FIG. 2, the
dryer system 70 includes a rotary drum 71 which is supported
s0 as to rotate about its longitudinal axis 72. The dryer system
70 further includes an inlet 74 for receiving biomass particles
that are to be processed, as represented by the arrow labeled
75. The biomass particles may be fed to the inlet 74 via a
conveyor or other conventional material transport mecha-
nism.

The dryer system 70 is coupled to a burner 76 which is
configured to feed a heated gas stream via ducting 77 through
the rotary drum 71 and intermittingly carry biomass particles
through the drum 71 as it rotates. The heated gas stream
simultaneously dries the biomass particles as the gas stream
propels the particles through the rotary drum 71. The burner
76 may be configured to burn bark, hogged fuel or other fuels
to heat the gas stream fed to the dryer system 70. The gas
stream entering the dryer system 70 may also be supple-
mented or blended with other gas streams of the integrated
biomass processing system 11 as described in further detail
elsewhere.
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At the downstream end of the rotary drum 71, there is
provided a separator hopper 78 for collecting dried biomass
particles (e.g., dried wood chips, dried giant cane chips, other
dried cellulosic biomass) as the particles exit the rotary drum
71. These particles are then fed mechanically and/or under the
force of gravity towards an outlet 79 for collection for subse-
quent use or packaging. Smaller particles and dust (e.g., dried
wood fines, dried giant cane fines, other dried cellulosic bio-
mass) which may pass through the separator hopper 78 are
filtered and removed from the gas stream by a filtering device
80, such as, for example a cyclonic type filtering device.
These particles are fed towards a secondary outlet 81 for
subsequent use or packaging. In some embodiments, the
dryer system 70 may include a cyclonic type filtering device
in lieu of a hopper 78 to separate and/or filter dried biomass
particles from the gas stream. In some embodiments, the
dryer system 70 may include one or more pneumatic dis-
charge devices (not shown) to discharge dried biomass par-
ticles from the drier system 70.

A fan device 92 may be provided to draw or force the gas
stream through the rotary drum 71 and to route exhaust gas
from the rotary drum 71 toward environment emission con-
trol equipment 82 to process the exhaust of the dryer system
70 before release to the environment or to other systems, as
represented by the arrow labeled 83. As an example, the
emission control equipment 82 may include a wet electro-
static precipitator (WESP) to facilitate the removal of sub-
micron sized solid particles and liquid droplets from the
exhaust gas stream. The emission control equipment 82 may
further include a regenerative thermal oxidizer (RTO) to
destroy air toxics and volatile organic compounds (VOCs)
that may be present in the exhaust gas. In some embodiments,
an RTO may be provided which uses natural gas to heat the
exhaust gasses to about 1500° F. where VOCs are oxidized. In
other embodiments, torrefier off-gasses may be used for heat-
ing of the RTO which may significantly reduce the operating
cost of the RTO since natural gas is otherwise a significant
cost in operating such equipment.

At least a portion of the exhaust from the dryer system 70
may be routed or recycled back towards the inlet 74 of the
rotary drum 71 and combined with the heated gas stream from
the burner 76 to dry the biomass particles which are continu-
ously fed into the rotary drum 71, as represented by the arrows
labeled 84. Additional gases from the outlet of the heat
exchanger 60 of the torrefaction system 10 may also be com-
bined with the exhaust gases from the dryer system 70 for
cleansing prior to discharge into the environment and/or for
introduction back into the dryer system 70, as represented by
the arrows labeled 85.

According to the illustrated embodiment of FIG. 2, the
dried biomass particles (e.g., dried wood chips and fines) may
be routed to another location for subsequent processing, stor-
age or packaging of the dried biomass particles as a standal-
one commodity, as represented by the arrow labeled 86. A
portion or the entire supply of the dried biomass particles may
be routed to the torrefaction system 10 for subsequent pro-
cessing, as indicated by the arrow labeled 87.

As can be appreciated from FIG. 2, the dried biomass
particles generated via the dryer system 70 may serve as input
material for the torrefaction system 10. In some embodi-
ments, the dried biomass particles may have an average mois-
ture content below twenty percent moisture content, wet-
weight basis when entering the torrefaction system 10. In
other embodiments, the average moisture content of the dried
biomass particles may be between about five percent mois-
ture content, wet-weight basis and about fifteen percent mois-
ture content, wet-weight basis. In still other embodiments, the
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average moisture content of the dried biomass particles may
be greater than twenty percent moisture content, wet-weight
basis.

Although the dryer system 70 is illustrated as rotary drum
type dryer system, such as those designed and marketed by
Teal Sales Incorporated, the assignee of the present applica-
tion, it is appreciated that other dryer systems may be utilized
in connection with embodiments of the present invention,
including, for example, kilns having rotary screw and con-
veyor bed type conveyance mechanisms. Accordingly,
embodiments of the biomass processing systems described
herein are not limited to the specific dryer systems illustrated,
but may incorporate a wide range of conventional dryer sys-
tems.

With continued reference to FIG. 2, the heat source 30 is
shown as a gas-to-gas heat exchanger 60 which is configured
to receive a heated gas stream from the burner 76, as indicated
by the arrow labeled 88. The heated gas stream entering the
heat exchanger 60 may be blended with gases from an output
of'the heat exchanger 60, as represented by the arrows labeled
90, to regulate the input temperature of the heated gas stream
entering the heat exchanger 60. In some embodiments, the
inlet temperature of the gas stream entering the heat
exchanger may be between about 600° F. and about 1400° F.,
and in some embodiments, the inlet temperature of the gas
stream entering the heat exchanger 60 may be between about
800° F. and about 1000° F. The recirculating gas stream of the
torrefaction system 10 passes through the heat exchanger 60
and is heated, according to some embodiments, to a reactor
drum inlet temperature of at least 500° F. After passing
through the reactor drum 12 the heated gas stream has a
reactor drum outlet temperature of at least 400° F. Conse-
quently, the biomass particles which are passed through the
torrefaction reactor drum 12 during operation are directly
subjected to a heated gas stream having a temperature at least
400° F. over the entire length of the reactor drum 12. In some
embodiments, the reactor drum inlet temperature is about
700° F.£150° F. and the reactor drum outlet temperature is
about 500° F.x100° F. The reactor drum inlet and reactor
drum outlet temperatures of the heated gas stream may be
monitored with appropriate temperature sensors and con-
trolled via a generic or cascaded control loop to maintain the
temperature gradient through the reactor drum at a desired
level during operation.

Exhaust gases from the torrefaction process, which include
hydrocarbon compounds boiled out of the biomass particles,
water vapor and any ambient air that leaks into the system
may be routed, according to some embodiments, to the burner
76 for combustion, as indicated by the arrow labeled 91. In
this manner, energy contained in the exhaust gasses can be
utilized to heat a heat transfer medium for use in the heat
exchanger 60 to maintain the heated gas stream 34 flowing
through the reactor drum 12 at a desired elevated inlet tem-
perature. Again, in some embodiments, the reactor drum inlet
temperature may be about 700° F.+150° F. and the reactor
drum outlet temperature may be about 500° F.+100° F. The
reactor drum temperature gradient may be controlled through
a cascaded control loop which sets the reactor drum inlet
temperature. The reactor drum inlet temperature may be con-
trolled, for example, by varying the amount of heated gas fed
to the heat exchanger 60 from the burner 76. In some embodi-
ments, the burner 76 may be configured to burn bark, hogged
fuel or other fuel to heat the gas stream 35 fed through the heat
exchanger 60. Again heating of this gas stream 35 may be
supplemented with the combustion of exhaust gases from the
torrefaction system 10, as represented by the arrow labeled
91.
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FIGS. 3 through 8 illustrate a biomass torrefaction system
110 according to another example embodiment similar to the
biomass torrefaction systems 10 described earlier, but with
additional structural details and a different example heat
source 130. The system 110 includes a reactor drum 112
which is supported on a structural frame 114 to rotate about a
horizontal axis of rotation 116. The reactor drum 112 is driven
by a drive motor 118 which may be electrically coupled to a
control system for selectively controlling the rotation of the
reactor drum 112 and optionally adjusting the speed thereof.
The control system includes a control panel 120 with appro-
priate controls (switches, dials, gauges, etc.) for selectively
controlling and monitoring the system 110. Other gauges and
controls (e.g., sensors, valves, etc.) may be remotely located
and coupled to specific components of the system for moni-
toring and control purposes.

The system 110 further includes an inlet 122 in the form of
a chute for receiving biomass particles that are to be pro-
cessed, as represented by the arrow labeled 124. An airlock or
dual airlock 126 with optional inert or semi-inert gas purging
or similar device is coupled to the inlet 122 to substantially
prevent oxygen from entering the system 110 when biomass
particles are input. The biomass particles may be fed to the
inlet 122 via a conveyor or other conventional material trans-
port mechanism. The rate of introduction of biomass particles
may be monitored and controlled to optimize or tailor char-
acteristics of the resultant torrefied biomass particles. Stairs
128 or other access devices may be provided for a user to
access the inlet 122 and other components of the system 110
for monitoring, maintenance and other purposes.

The system 110 also includes a heat source 130 disposed
upstream of the reactor drum 112 for supplying heat to a gas
stream that is generated in the system 110 by a fan device 132,
which may be, for example, an induced draft fan device or a
forced draft fan device. The fan device 132 is driven by a drive
motor 134 to draw or force gas through the reactor drum 112
and circulate it back to the heat source 130 to be reheated and
supplied to the reactor drum 112 in a recirculating manner.
Gas ducts 136 are appropriately sized and coupled to at least
the reactor drum 112, heat source 130 and fan device 132 for
this purpose.

At the downstream end of the reactor drum 112, there is
provided a separator hopper 138 for separating torrefied bio-
mass particles from the gas stream as the particles exit the
reactor drum 112. These particles are then fed mechanically
and/or under the force of gravity towards an outlet 140 for
collection for subsequent use or packaging. An airlock device
142 is coupled to the outlet 140 for substantially preventing
oxygen from infiltrating the system 110 as the torrefied par-
ticles are withdrawn. Smaller particles and dust which may
pass through the separator hopper 138 are filtered and
removed from the gas stream by a filtering device 144, such
as, for example a cyclonic type filtering device. Another air-
lock device 146 may be coupled to a secondary outlet 148 for
removing the filtered material from the system 110 without
introducing significant amounts of oxygen to enter the system
110. In some embodiments, the system 110 may include a
cyclonic type filtering device in lieu of a hopper 138 to sepa-
rate and/or filter torrefied biomass particles from the gas
stream passing through the reactor drum 112. In some
embodiments, the system 110 may include one or more pneu-
matic discharge devices (not shown) to discharge torrefied
biomass particles from the system 110.

As previously described, the gas stream is drawn or forced
through the reactor drum 112 and returned to the heat source
130 (after separating torrefied particles, dust and any debris)
under the influence of the fan device 132. While the substan-
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tial majority of the gas is recirculated to the reactor drum 112,
some gas is diverted to an exhaust stack 150. The gas
exhausted through the stack 150 can be recaptured for use
elsewhere in the process or another process, such as, for
example, use as fuel to generate heat. The stack 150 can
include a variable position damper 152 which may be used to
balance the pressure inside the reactor drum 112 from slightly
negative to slightly positive. Depending on the setting, this
can be used to inhibit oxygen from entering the system 110.

Further details of the reactor drum 112 will now be
described with reference to FIGS. 7 and 8. As shown in the
illustrated embodiment, the reactor drum 112 is supported in
a horizontal orientation on a number of rollers 160. The
rollers 160 contact the drum 112 along bearing tracks 162 that
are secured to a circumference of the drum 112. The diameter
of'the drum 112 may be three, four, five feet or more and may
be configured to receive and process over fifty tons of torre-
fied biomass particles per hour.

The drive motor 118 is coupled to a drive belt or chain 164
and controlled via the control system to selectively rotate the
drum 112 at various speeds, such as, for example, about 3 rpm
or more or less. High precision seals 166 are disposed
between the rotating drum 112 and static components to
prevent the infiltration of oxygen into the system. In this
manner, the seals 166 and other features of the system are able
to maintain the gas stream at a consistent low level of oxygen
by creating a substantially sealed vessel.

Within the reactor drum 112, there are a number of lifting
flights 170 spaced circumferentially at each of a plurality of
locations along a longitudinal length thereof. The density of
the lifting flights 170 may be designed to suit various needs of
the system 110 and may be dependent on a number of inter-
related factors, such as, for example, the speed of rotation of
the reactor drum 112, the rate of material fed into the system
110, and the speed of the fan device 132 or strength of the
heated gas stream passing through the reactor drum 112. The
flights 170 are configured to lift biomass particles as the
reactor drum 112 rotates in the direction indicated by arrow
172 and then direct and shower the biomass particles into the
gas stream to be intermittingly carried along the length of the
reactor drum 112 predominately by the kinetic energy of the
gas stream and simultaneously torrefied. This is advanta-
geous in that the transport mechanism for the biomass par-
ticles provides a highly efficient medium for transferring heat
to the particles directly. Accordingly, large volumes of biom-
ass particles can be processed by a system with reduced
energy demands. In addition, the throughput or rate of torre-
fied biomass particles (tons/hour) may be relatively greater
when compared to conventional torrefaction systems of gen-
erally comparable size.

The biomass particles reside in the drum 112 for aperiod of
time and then are subsequently discharged into the separator
hopper 138 or other separating device and routed in the direc-
tion indicated by the arrow labeled 174 for further handling.
A predominate or substantial portion of the gas stream is
routed in the direction indicated by the arrow labeled 176 and
recirculated, heated and reintroduced into the reactor drum
112 as indicated by the arrow labeled 178.

The system 110 thus enables a continuous torrefaction
process that involves the introduction of biomass particles
into a rotating reactor drum 112 via an airlock or airlocks 126
to maintain a low oxygen level inside the torrefaction system
110 which is conducive to torrefying biomass particles. The
particles are conveyed through the drum 112 by the kinetic
energy of a heated gas stream that is generated by creating an
induced draft of forced draft via a fan device 132 connected
by aduct 136 to the outlet of the drum 112. There is also a heat
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source 130 upstream ofthe drum 112, such as, for example, an
electrical immersion-type duct heater (FIG. 3) or a gas-to-gas
heat exchanger (FIG. 1). The fan device 132 draws or forces
gas across or through the heat source 130 and through the
drum 112. Beneficial to the viability of the process is the
recirculation of gas exiting the drum 112 back to the heat
source 130 for reheating. Also beneficial to the viability ofthe
process is the ability of the heated gas stream to directly heat
the biomass particles under a low oxygen environment as the
gas stream simultaneously transports the biomass particles
intermittently through the reactor drum 112, as discussed in
more detail elsewhere.

There is of course a certain flow of gas that is discharged
from the system 110 (whether to the external environment or
another related or unrelated process component) which is
substantially equal to the sum of the gases being driven off of
the biomass particles due to heating (including water evapo-
ration) and any leakage that may enter the system 110.

The interior of the drum 112 contains specialized lifting-
and fall-distance-control flights 170 that lift and shower the
particles as the drum 112 rotates thereby exposing the par-
ticles to the heated gas stream causing moisture within the
particles to be evaporated. As the particles shower within the
drum 112 the moving gas within the drum 112 causes them to
be conveyed forward. It generally takes a number of rotations
of the drum 112 to provide enough forward progress of the
particles to gain passage through the length of the drum 112.
The showering and conveying process within the drum 112
also classifies the particles. Lighter, smaller particles pass
through the drum 112 faster than heavier, larger particles.
This allows large particles to remain in the drum 112 for a
relatively longer residence time and creates a more uniform
end product (i.e., large and small particles may be processed
together to have similar end characteristics despite differ-
ences in mass and volume). For example, in some embodi-
ments, particle size may vary within a particular run of torre-
fied biomass particles by ten, twenty or thirty percent or more
while the energy density and moisture characteristics of the
particles are maintained relatively consistent irrespective of
particle size. In some embodiments, the flights 170 may be
designed to vary with respect to location and/or flight density
in different embodiments to affect the residence time of the
biomass particles within the reactor drum 112.

When using the system 110 to torrefy biomass particles the
heat source 130 is responsible for adding heat to a recirculat-
ing gas system within the system 110. The heated gas stream
within this recirculating gas system in turn directly heats the
biomass particles as they are conveyed through the system
110. In this manner, the heated gas stream directly heats and
transports the biomass particles simultaneously. This is
advantageous in that the transport mechanism for the biomass
particles provides a highly efficient medium for transferring
heat to the particles directly. Accordingly, large volumes of
biomass particles can be processed by a system with reduced
energy demands. In addition, the throughput or rate of torre-
fied biomass particles (tons/hour) may be relatively greater
when compared to conventional torrefaction systems of gen-
erally comparable size. This advantageously enables the sys-
tems described herein to be implemented in a particularly
commercially feasible manner.

Elements of the heat source 130 can provide heat by any
readily available energy source. In some embodiments, for
example, direct heat may be applied to the gas stream by an
electric element (e.g., electrical immersion-type duct heater
130). In other embodiments, heat may be provided to the gas
stream through a gas-to-gas heat exchanger 60 (FIGS. 1 and
2) coupled to a combustion and/or waste heat system (e.g.,
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burner 76 of FIGS. 1 and 2). In another embodiment, low
oxygen burners may be directed directly into the system 110
to heat the gas stream without significantly increasing the
oxygen level within the system 110. In some embodiments,
exhaust gas that is discharged from the stack 150 may be used
as part of the process heating fuel. Irrespective of the heat
source 130, very little additional oxygen is added to the sys-
tem 110 throughout the heating portion of the process.

The torrefaction systems and processes are based on a heat
and energy balance that balances the energy required with the
process rate, heating source and required residence time.
Embodiments of the torrefaction systems and methods
described herein are particularly well suited to manipulate
and control these factors and provide systems and methods
that are readily scalable to meet various industry needs.

For instance, residence time of the particles within the
drum 112 may be controlled by various design and process
factors. For example, the speed and size of the fan device 132
may be selected to adjust the velocity of the circulating heated
gas within the drum 112. In addition, the speed and volume of
the heated gas stream can also be adjusted by a fan inlet
damper of the fan device 132. As another example, the rota-
tion speed of the drum 112 may be set higher of lower to
adjust the rate of the lifting and showering effect within the
drum 112 thus creating more or less time in which the par-
ticles are in suspension. Further, since the flights 170 may be
designed to work over a wide range of rotational speeds, the
drum 112 rotational speed can be selectively adjusted by
appropriate controls (such as a variable speed drive motor) to
adjust the residence time. Also, the density of the flights 170
within the drum 112 can be used to change the flow conditions
inside the drum 112 giving an individual design an inherent
shorter of longer residence time. Still further, the size and
shape of'the flights 170 can be altered to meet the needs of the
material processed and create a more or less pronounced
showering effect, thereby impacting the residence time in the
drum 112.

In some embodiments, the flights 170 may be secured to
the drum 112 in a particular density and arrangement to
optimize or tailor characteristics of the resultant torrefied
biomass particles. The length of the drum 112 can also be
varied in initial design to create more or less residence time.
In addition, particle loading conditions can be varied to create
more of less resistance to the gas stream within the drum 112,
thus affecting residence time. For example, in some embodi-
ments, a relatively greater volumetric flow rate of biomass
particles may be set to crowd the interior of the drum 112 and
slow the progression of the particles through the drum 112.
Conversely, a relatively smaller volumetric flow rate of bio-
mass particles may be set to reduce crowding in the interior of
the drum 112 and speed the progression of biomass particles
through the drum 112.

The oxygen level inside the drum 112 may likewise be
controlled by various design and process factors. For
example, the mechanical design of the particle inlet can be
selected to include, for example, an airlock, a gas-purged
double airlock, screw mechanisms or the like, with each
mechanism having a different level of ability to prevent the
infiltration of oxygen. Preferably, the amount of oxygen that
enters the system 110 with the particles is minimized, but is
likely to vary with design according to particle size and/or
desired production rate of the processed biomass. In addition,
the incoming moisture content of the particles can be varied to
control oxygen level. During processing, the resulting evapo-
rated water partially displaces oxygen within the system 110,
and thus the level of moisture can be varied to suit production
requirements (e.g., less initial moisture means less energy

20

25

30

35

40

45

50

55

60

65

14

required to torrefy the particles, and more initial moisture
results in less oxygen in the system). Still further, it is recog-
nized that there is a net addition of gas to the system as
volatiles and moisture are evaporated from the particles. As
previously described, this excess gas may be exhausted from
the system 110 via a stack 150 and may, according to some
embodiments, be recaptured for use elsewhere in the process
or another process, such as, for example, use as fuel to gen-
erate heat. The stack 150 can include a variable position
damper 152 which may be used to balance the pressure inside
the drum 112 from slightly negative to slightly positive.
Depending on the setting of the damper 152, this can be used
to inhibit oxygen from entering the system 110.

In some embodiments, many of the various operational
parameters discussed above as well as other operational
parameters may be adjusted (manually or automatically) dur-
ing operation. In other embodiments, operational parameters
may be established prior to operation. Irrespective of the
particular control scheme, the ability to independently con-
trol various operational parameters of the systems described
herein provide for particularly versatile biomass torrefaction
systems and methods that are adaptable to changing condi-
tions, such as, for example, the moisture content of the bio-
mass particles selected to be processed and a desired energy
density of resultant torrefied biomass particles which may
vary.

The system 110 may also be outfitted with precision seals
166 at rotating to static connections and other low leakage
connections and components to provide a particularly well
sealed vessel to maintain consistent low levels of oxygen
within the system 110.

FIGS. 9 through 11 illustrate one example embodiment of
a precision seal assembly 266 that may be used to substan-
tially eliminate the infiltration of oxygen of the surrounding
environment into the reactor drum 212 at a rotational inter-
face. As shown best in FIG. 10, the seal assembly 266 may
include rigid flange structures 270 which are coupled to a
flange 268 of the reactor drum 212 to rotate in unison there-
with. The flange structures 270 may extend toward stationary
flange structures 272 positioned upstream of the drum 212
with respect to the flow direction F. A gap or space between
the stationary flange structures 272 and the rotating flange
structures 270 may be spanned by seal elements 274 to define
an internal chamber 276. This internal chamber 276 may be
purged intermittingly with inert or semi-inert gas to maintain
an inert or semi-inert gas barrier between an environment
external to the seal assembly 266 and an internal environment
of the reactor drum 212.

The seal elements 274 may include internal stiffeners to
provide sufficient rigidity to maintain the seal elements 274 in
sealing contact with the rotating flange structures 270 as the
drum 212 rotates during operation about the rotational axis
216. Additional biasing elements 280 may also be provided to
urge one or more of the seal elements 274 into firm contact
with the rotating flange structures 270. In the illustrated
embodiment, the biasing elements 280 are shown as overlap-
ping spring elements extending from the stationary flange
structures 272 positioned upstream of the reactor drum 212 to
a seal element 274 overlying one of the rotating flange struc-
tures 270. As shown in FIG. 11, the seal elements 274 may be
spliced together in the manner shown to prevent fraying of the
seal elements 274 as the reactor drum 212 and flange struc-
tures 270 rotate in the direction R during operation.

Although each of the flange structures 270, 272 are illus-
trated as L-shaped structural members, it is appreciated that
the size and shape of the flange structures 270, 272 may vary
significantly. Irrespective of size and shape, however, it is
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beneficial, according to some embodiments, to provide an
isolated internal chamber 276 which may be selectively
purged as needed (e.g., during system startup, shutdown or
fault conditions) with inert or semi-inert gas to assist in main-
taining the internal environment within the reactor drum 212
ata consistent low level of oxygen. In addition, irrespective of
the size, shape and configuration of the elements of the seal
assembly 266, a redundant seal interface is beneficial to help
minimize leakage into the internal environment.

It is further appreciated that other seals and sealing devices
(e.g., airlocks or dual airlocks) may be provided at other
potential leak points in the system, including, for example, at
the biomass particle inlets and outlets. In addition, substan-
tially sealed chambers may also be formed in these locations
between the torrefaction system and the external environ-
ment. These chambers may be coupled to inert or semi-inert
gas sources for intermittent purging of the chambers with
inert or semi-inert gas, such as, for example, at system startup,
shutdown or during fault conditions. Purging these chambers
may advantageously ensure that no or very little oxygen from
the surrounding environment infiltrates the recirculating gas
of'the torrefaction system. In some embodiments, the system
may be equipped with dual infeed and discharge airlocks that
are arranged in series with inert or semi-inert gas purging
enabled between the airlocks.

Various safety devices may also be incorporated into the
torrefaction systems to enhance operational safety. For
instance, the systems may be equipped with vents that will
rupture or open should a minor explosion or deflagration
occur of sufficient magnitude to potentially cause equipment
damage. As another example, spark detection and extinguish-
ment systems may also be integrated into the torrefaction
systems, such as, for example, spark detection and extin-
guishment systems and components marketed by GreCon,
Inc. headquartered in Tigard, Oreg. In addition, system opera-
tional characteristics may be monitored, for example, by vari-
ous sensors (e.g., temperature, pressure, oxygen, etc.), and
the obtained operational data may be used to adjust and con-
trol the system as needed to enhance safety or to optimize the
torrefaction process. In some embodiments, real time mass
spectroscopy may also be used to identify compounds in the
gas streams and to adjust or control the system as needed to
enhance safety or to optimize the torrefaction process.

In some embodiments, steam from a separate boiler of a
steam plant 93 (FIG. 2) which is fired by the off gas of the
reactor drum 12 (as represented by the arrow labeled 94) or
another fuel or heat source may be injected into the system 10
(as represented by the arrow labeled 95) to further control
oxygen in the process or as a safety smothering and cooling
stream and also may be used as an inert or semi-inert purge
gas in the process. In addition, using steam as part of the
process gas which passes through the reactor drum 12 may
also improve heat transfer to the biomass particles. In some
embodiments, the boiler may be heated by off gas routed
thereto by ducting 96 coupled to the reactor drum 12. In other
embodiments, the boiler may be heated by the burner 76 or
another heat source. In some embodiments, upon a fault con-
dition, steam may be introduced into the reactor drum 12 in
sufficient quantities for smothering and cooling purposes. In
this manner, operational safety of the torrefaction system 10
may be enhanced,

Overall, by knowing the processes by which heat, resi-
dence time and oxygen levels are controlled and by having the
flexibility through initial design and the numerous process
variables described herein, embodiments of the biomass tor-
refaction systems and methods can be set up to accommodate
a variety of biomass feed stocks in a variety of local condi-
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tions and provide the flexibility and control needed to achieve
consistent torrefaction results. In some embodiments, for
example, the torrefaction systems and methods may be con-
figured to torrefy biomass particles in the form of wood chips
ataminimum rate of one ton of torrefied biomass particles per
hour with the resultant torrefied biomass particles having an
energy density of at least 20 Gl/ton.

The torrefaction systems and methods described herein are
particularly well suited to provide a continuous torrefaction
process that has many benefits over conventional torrefaction
systems, and in particular, batch systems and methods which
require batch processing of biomass particles in a furnace,
kiln or other similar device. The continuous nature of the
torrefaction systems and methods described herein enable,
among other things, relatively higher production rates. In
addition, the efficiency with which biomass particles may be
processed with the systems and methods enable high material
throughput at relatively lower energy demands.

Although embodiments of the torrefaction systems and
methods described herein are illustrated in the figures as
including reactor drums which rotate about a horizontally
aligned axis of rotation, it is appreciated that in some embodi-
ments, the axis of rotation may be inclined. In such embodi-
ments, gravity may play a significant role in transporting the
biomass particles through the reactor drum. In addition,
although embodiments of the torrefaction systems and meth-
ods are described herein as involving a heated gas stream
passing through the reactor drum to carry or transport the
biomass particles while simultaneously transferring heat to
the biomass particles to torrefy them, it is appreciated that in
some embodiments the biomass particles may be transported
by alternate mechanisms (e.g., gravity, screw devices, con-
veyor devices, etc.) and subjected to a counter-flowing heated
gas stream within the reactor drum to torrefy the biomass
particles.

Moreover, the various embodiments described above can
be combined to provide further embodiments. These and
other changes can be made to the embodiments in light of the
above-detailed description. In general, in the following
claims, the terms used should not be construed to limit the
claims to the specific embodiments disclosed in the specifi-
cation and the claims, but should be construed to include all
possible embodiments along with the full scope of equiva-
lents to which such claims are entitled.

The invention claimed is:

1. A method of biomass torrefaction comprising:

rotating a reactor drum about an axis of rotation, the reactor

drum having a plurality of flights positioned therein at
each of a plurality of locations along a longitudinal
length of the reactor drum;

generating a heated gas stream through the reactor drum

sufficient to intermittently transport biomass particles
along the longitudinal length of the reactor drum and
simultaneously torrefy the biomass particles as the bio-
mass particles are lifted by the flights and showered
through the heated gas stream as the reactor drum
rotates; and

recirculating a substantial portion of gas exiting the reactor

drum back to an inlet of the reactor drum via one or more
gas ducts for torrefying biomass particles within the
reactor drum.

2. The method of biomass torrefaction of claim 1, further
comprising:

selectively varying at least some of a plurality of opera-

tional parameters to tailor characteristics of the resultant
torrefied biomass particles, the operational parameters
including at least one of a speed of the heated gas stream



US 8,252,966 B2

17

through the reactor drum, a volumetric flow rate of the
heated gas stream through the reactor drum, a tempera-
ture of the heated gas stream through the reactor drum, a
pressure level within the reactor drum, a speed of the
rotation of the reactor drum, oxygen content of the
heated gas stream, a moisture content of the biomass
particles and a rate of introduction of the biomass par-
ticles into the reactor drum.

3. The method of biomass torrefaction of claim 1, further
comprising:

selectively varying a time of residence of the biomass

particles in the reactor drum.

4. The method of biomass torrefaction of claim 1, further
comprising:

adjusting the plurality of flights within the reactor drum

with respect to location or density to change the reten-
tion time of the biomass particles within the reactor
drum.

5. The method of biomass torrefaction of claim 1, further
comprising:

passing biomass particles through the reactor drum at dif-

ferent rates according to particle density or size.

6. The method of biomass torrefaction of claim 1, further
comprising:

discharging torrefied biomass particles while substantially

preventing the infiltration of oxygen into the reactor
drum.

7. The method of biomass torrefaction of claim 1, further
comprising:

establishing a pressure level within the reactor drum to

inhibit the infiltration of oxygen into the reactor drum.

8. The method of biomass torrefaction of claim 1, further
comprising:

routing exhaust gas to a device remote from the reactor

drum for use of the exhaust gas in an auxiliary or supple-
mental process.

9. The method of biomass torrefaction of claim 8 wherein
routing exhaust gas to the device remote from the reactor
drum for use of the exhaust gas in the auxiliary or supplemen-
tal process includes routing exhaust gas to a burner config-
ured to utilize the exhaust gas to generate a heated medium for
supplying heat to a gas stream to establish the heated gas
stream.

10. The method of biomass torrefaction of claim 1, further
comprising:

sealing the reactor drum from an external environment; and

selectively purging one or more chambers adjacent sealing

interfaces of the reactor drum with inert or semi-inert
gas.

11. The method of biomass torrefaction of claim 1, further
comprising:

transferring heat from a heated gas isolated from the reac-

tor drum to a gas stream to establish the heated gas
stream which passes through the reactor drum during
operation.

12. The method of biomass torrefaction of claim 1, further
comprising:

passing biomass particles through the reactor drum at a

minimum rate of one ton per hour, the biomass particles
having an energy density of at least 20 GJ/ton after being
torrefied within the reactor drum.

13. The method of biomass torrefaction of claim 1, further
comprising:

drying the biomass particles in a rotary type dryer system

prior to introduction in the reactor drum.

14. The method of biomass torrefaction of claim 13
wherein drying the biomass particles in the rotary type dryer
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system prior to introduction in the reactor drum includes
drying the biomass particles to have an average moisture
content below twenty percent moisture content, wet-weight
basis.

15. The method of biomass torrefaction of claim 1, further
comprising:

establishing the heated gas stream such that an inlet tem-

perature of the heated gas stream entering the reactor
drum is at least 500° F.

16. The method of biomass torrefaction of claim 1, further
comprising:

establishing the heated gas stream such that an outlet tem-

perature of the heated gas stream exiting the reactor
drum is at least 400° F.

17. The method of biomass torrefaction of claim 1, further
comprising:

discharging torrefied biomass particles after a single pass

of the biomass particles through the reactor drum, par-
ticle sizes of the discharged torrefied biomass particles
varying by at least ten percent while the energy density
and moisture characteristics of the torrefied biomass
particles are relatively constant irrespective of particle
size.

18. The method of biomass torrefaction of claim 1, further
comprising:

introducing the biomass particles into the drum reactor, the

biomass particles having an average size of about Vs
cubic inch to about one cubic inch upon entry.

19. The method of biomass torrefaction of claim 1, further
comprising:

venting the reactor drum upon a fault condition.

20. The method of biomass torrefaction of claim 1, further
comprising:

introducing steam into the reactor drum to assist in the

torrefaction of the biomass particles.

21. The method of biomass torrefaction of claim 20
wherein introducing steam into the reactor drum includes
producing steam with a boiler which receives heat from a
portion of gas exiting the reactor drum.

22. A method of torrefying cellulosic biomass, the method
comprising:

rotating a reactor drum about an axis of rotation, the reactor

drum having a plurality of flights positioned along a
longitudinal length thereof;

introducing cellulosic biomass particles continuously into

the drum reactor while substantially preventing the infil-
tration of oxygen into the reactor drum;

establishing a heated gas stream through the reactor drum

sufficient to intermittently transport the introduced cel-
Iulosic biomass particles along the longitudinal length of
the reactor drum and simultaneously torrefy the cellulo-
sic biomass particles as the cellulosic biomass particles
are lifted by the flights as the reactor drum rotates and
showered through the heated gas stream under the influ-
ence of gravity, the cellulosic biomass particles traveling
through the reactor drum under the influence of the
heated gas stream at different rates in accordance with
the mass of individual cellulosic biomass particles;

discharging torrefied cellulosic biomass particles after a

single pass of the cellulosic biomass particles through
the reactor drum; and

recirculating a portion of gas exiting the reactor drum back

to an inlet of the reactor drum via one or more gas ducts
to simultaneously carry and torrefy additional cellulosic
biomass particles within the reactor drum.

23. The method of claim 22 wherein establishing the
heated gas stream through the reactor drum includes moving
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the heated gas stream through the reactor drum to directly rate of the heated gas stream through the reactor drum, a
heat the introduced cellulosic biomass particles as the heated temperature of the heated gas stream through the reactor
gas stream intermittently transports the cellulosic biomass drum, a pressure level within the reactor drum, a speed
particles. of the rotation of the reactor drum, oxygen content of the
24. The method of claim 22, further comprising: 5 heated gas stream, a moisture content of the cellulosic
selectively varying at least some of a plurality of opera- biomass particles and a rate of introduction of the cellu-

tional parameters to tailor characteristics of the resultant
torrefied cellulosic biomass particles, the operational
parameters including at least one of a speed of the heated
gas stream through the reactor drum, a volumetric flow L

losic biomass particles into the reactor drum.



